The aim was to evaluate the surface roughness and bacterial adhesion on enamel irradiated with high intensity lasers, associated or not to a fluoride varnish. Eighty fragments of bovine enamel were equally divided in 8 groups (n=10). Group 1 was not treated and Group 2 received only a 5% fluoride varnish application. The other groups were irradiated with an Er:Cr:YSGG (8.92 J/cm 2 ), an Nd:YAG (84.9 J/cm 2 ) and a diode laser (199.04 J/cm 2 ), associated or not to a 5% fluoride varnish. The surface roughness was measured before and after treatments. Afterward, all samples were incubated in a suspension of S. mutans at 37 °C for 24 h. The colony-forming units (CFU) were counted by a stereoscope and the results were expressed in CFU/mm 2 . One-way ANOVA and the Tukey´s test compared the roughness data and the Student´s test compared the results obtained in the bacterial adhesion test (α=5%). The results showed that the irradiated samples without varnish presented the same roughness and the same bacterial adhesion that the non-irradiated samples. However, samples irradiated in the presence of fluoride varnish showed higher surface roughness and higher bacterial adhesion than the non-irradiated samples and those irradiated without varnish. Presence of pigments in the varnish increased the lasers' action on the enamel surface, which produced ablation in this hard tissue and significantly increased its surface roughness. For this reason, the enamel's susceptibility to bacterial adhesion was higher when the irradiation of the samples was made in presence of fluoride varnish.
Introduction
Irradiation of dental enamel with high power lasers has shown to be effective in preventing dental caries, because they can provide significant reduction in mineral loss by the acid challenges in the oral cavity (1, 2) . Different hypotheses have been proposed to explain the changes promoted by irradiation in dental enamel resulting in a preventive effect. All theories are related to the temperature increase in the irradiated tissue, which leads to structural and chemical changes in enamel and dentin (3) . The main chemical changes in enamel due to photothermal effects are that the prevailing CO 3 component in the phosphate position decreases and the acid phosphate ions condense to form pyrophosphate ions. At higher temperatures occurs a thermal re-crystallization and crystal size growth and the pyrophosphate reacts with apatite to form PO 4 . The hypothesis is that these effects make enamel less soluble to acids (4) .
Another hypothesis is that the incomplete decomposition of the enamel organic matrix during irradiation leads to an obstruction of the inter-and intraprismatic spaces. Consequently, acid diffusion through the inner layers of enamel is compromised, which results in a delay of the enamel demineralization. This effect occurs when the enamel surface reaches temperatures near 400 °C (5).
The decrease in the enamel porosity also occurs due to surface melting, which happens as the tissue is heated to temperatures around 1200 °C (6) . It should be stressed that increase in temperature of the enamel surface during irradiation increases the risk of tissue ablation and removal of hard tissue is not desirable when the aim of the treatment is the prevention of dental caries. Additionally, the used fluences must be safe for ensuring the vitality of the pulp and periodontal tissues. However, some care is required, since even at low energy densities, the temperature at the superficial layers of the dental enamel reaches values above 800 °C during irradiation (7) .
Studies have demonstrated that a combined fluoridelaser treatment makes enamel more resistant to acid than either laser treatment or fluoride treatment alone (1, 3, (8) (9) (10) (11) (12) (13) . The reason for that effect is that subablative low-energy laser irradiation and fluoride treatment may instantaneously transform enamel hydroxyapatite into fluoridated hydroxyapatite, reducing enamel solubility and preventing enamel demineralization (3). Additionally, laser irradiated enamel may retain fluoride ions longer than non-irradiated enamel, increasing its resistance to demineralization over time (14) .
Scanning electron microscopy analysis revealed significant morphological alterations of the Nd:YAG diode (808 and 980 nm) and Er,Cr:YSGG laser-irradiated enamel surface, like melting and recrystallization, cracks and porosities (12, 15, 16) . However, it is unclear whether those effects alter significantly the roughness of the dental enamel. An increase in tissue roughness could lead to a greater bacterial adhesion on the irradiated surface, greater accumulation of biofilm and leave the enamel more susceptible to external staining. The objective of the present study was to evaluate the surface roughness and the bacterial adhesion on dental enamel irradiated with high intensity lasers, associated or not to a 5% sodium fluoride varnish. The null hypothesis was that the enamel roughness, as well as the bacterial adhesion, are unchanged after laser irradiation, with or without fluoride over the enamel surface.
Material and Methods

Sample Preparation
Eighty freshly extracted bovine incisors were stored in a 0.1% thymol solution (pH 7.0) for up to one month. The crowns were separated from the roots using a water-cooled diamond disc (Isomet; Buehler Ltd., Lake Bluff, IL, USA) mounted in a sectioning machine (Minitom; Struers Inc., Westlake, OH, USA). The crowns were sectioned to obtain 80 enamel blocks (5x5x3 mm). Each enamel fragment was coated with a waterproof varnish (Colorama Maybelline, São Paulo, SP, Brazil), excluding a 9,0 mm 2 area on the buccal surface of the fragment, where the treatments occurred. Prior to the experiment, the specimens were cleaned and stored in distilled water.
Surface Roughness Baseline
Before the experiments, the surface roughness (Sa, µm) of each enamel sample was assessed by a 3D Laser Confocal Microscope (LEXT 4000; Olympus, Hamburg, Germany) at a magnification of 40×. All data were obtained at a 1024x1024 pixels resolution.
Experimental Groups
The samples were cleaned with pumice and water, using a rubber cup at low speed, and divided into eight groups (n=10) and treated as follows (Table 1) :
Group 1 (G1) had no treatment (control). The samples of Group 2 (G2) were actively dried with air and had an application of 9,0 mg 5% sodium fluoride varnish (NaF; Duraphat, Colgate-Palmolive Ind. e Com. Ltda, São Paulo, SP, Brazil) for 10 s. After 2 min, the samples were placed in distilled water at 37 °C.
The samples of Group 3 (G3) were actively dried with air and irradiated with an Er,Cr:YSGG laser device (Waterlase™; Biolase Technology Inc., San Clemente, CA, USA). This equipment emits pulses at a 2.78 µm wavelength and was used to irradiate the exposed surface in a non-contact mode (perpendicular to the enamel surface), scanning it for 20 s under the following parameters: 0.5 W, 8.92 J/ cm 2 , 20 Hz repetition rate, with a sapphire fiber (600 μm spot size). After irradiation, the samples were placed in distilled water at 37 °C.
The samples of Group 4 (G4) were actively dried with air, coated with 9.0 mg fluoride varnish (Duraphat, Colgate) and irradiated with the same Er,Cr:YSGG laser device with the previously described parameters. After irradiation, the samples were placed in distilled water at 37 °C.
The samples of Group 5 (G5) were actively dried with air and irradiated with a Nd:YAG laser (SmartFile; DEKA Laser Technologies, Inc., Carlsbad, CA, USA). This equipment emits pulses at a 1.064 μm wavelength and was used to irradiate the exposed surface in a contact mode (perpendicular to the enamel surface), scanning it for 20 s under the following parameters: 84.9 J/cm 2 , 0.6 W, 10 Hz repetition rate, with a quartz fiber optic (300 μm spot size). After irradiation, the samples were stored in distilled water at 37 °C.
The samples of Group 6 (G6) were actively dried with air, coated with 9.0 mg fluoride varnish (Duraphat, Colgate) and irradiated with the same Nd:YAG laser device and the previously described parameters. After irradiation, the samples were stored in distilled water at 37 °C.
The samples of Group 7 (G7) were actively dried with air and irradiated with a diode laser device (DClase Soft Tissue Diode Laser; DC International LLC, Wellington, FL, USA). This equipment emits pulses at a 980 nm wavelength and was used to irradiate the exposed surface in a non-contact mode (perpendicular to the enamel surface), scanning it for 20 s under the following parameters: 5.0 W, 199.04 J/ cm 2 , 20 Hz repetition rate, with a sapphire fiber (400 μm spot size). After irradiation, the samples were stored in Table 1 . Experimental groups Group (n-10) Laser 5% Fluoride varnish distilled water at 37 °C. The samples of Group 8 (G8) were actively dried with air, coated with 9.0 mg fluoride varnish (Duraphat, Colgate) and irradiated with the same diode laser device and the previously described parameters. After irradiation, the samples were stored in distilled water at 37 o C.
All laser parameters used here were previously described as effective to increase the acid resistance of the enamel surface (1, (8) (9) (10) 12) .
Analysis of Surface Roughness
Quantitative changes on the enamel surface roughness (Sa, µm) were assessed by a 3D Laser Confocal Microscope (LEXT 4000; Olympus Co., Hamburg, Germany) at a 40x magnification. All data were documented at a 1024x1024 pixels resolution.
Bacterial Adhesion Test
First, the enamel samples were individually placed into 24-well cell culture plates filled with deionized water and irradiated in a microwave (650 W for 3 min). This method is effective for a complete disinfection of bovine enamel specimens without affecting the structure of the dental hard tissue (17) . For the bacterial adhesion test, Streptococcus mutans (ATCC 25175) grown repeatedly in sucrose medium was used. The enamel samples in the sterile cell culture plates were coated with 1.5 mL of Brain Heart Infusion broth supplemented with 5% sucrose (BHI-S; Difco, Sparks, MD, USA), inoculated overnight with standardized cultures (≅8.8x10 7 colony-forming units [CFU]/mL) in the same medium and incubated for 24 h at 37 °C. All incubations followed the previously described protocol (18) .
After incubation, the enamel fragments were removed from the wells with sterile tweezers, and washed in sterile distilled water to remove non-adhering microorganisms. After washing, the samples were placed in tubes containing sterile distilled water and sonicated for 3 min. Subsequently, swab samples from the enamel surface were spread across the surface of the blood agar plates supplemented with sucrose. After 24 h of incubation at 37 °C, the colonyforming units were counted using a stereoscope and the results were expressed in CFU/mm 2 (19) .
Statistical Analysis
The average of variation in surface roughness was obtained for each group. The surface roughness results were submitted to the Kolmogorov-Smirnov test to verify the normal distribution of the variables. One-way ANOVA and the Tukey´s test were performed to compare the averages. The data obtained in the bacterial adhesion test were submitted to the D´Agostino´s and to the Student´s tests. Pearson's correlation test was performed to evaluate the relationship between the surface roughness and bacterial adhesion. The level of significance adopted in all cases was 5%. All statistical analyses were performed using SPSS version 9.0 (SPSS Inc., Chicago, IL, USA). Figure 1 shows the comparison of average surface roughness obtained in all experimental groups. The results revealed that the samples irradiated in the presence of fluoride varnish (G4, G6 and G8) showed higher surface roughness than the non-irradiated samples (G1 and G2) and those irradiated without varnish (G3, G5 and G7) (p<0.05). The data found for samples irradiated without varnish and for non-irradiated samples were statistically similar (p>0.05). No statistical differences were found among groups treated in the presence of varnish (p>0.05). Table 2 shows the average CFU/mm 2 obtained in all experimental groups. The samples irradiated by all lasers in the presence of fluoride varnish presented higher bacterial adhesion than the control group (G1), the fluoride varnish (G2) and those groups where the irradiation was applied in absence of the fluoride compound (p<0.05). There were no statistical differences among groups treated with laser and varnish. To verify whether the surface roughness had an influence on the bacterial adhesion to enamel surface, was used the Pearson's correlation test. There was a high positive correlation between surface roughness and bacterial adhesion (r=0.94; p=0.0005).
Results
Discussion
The null hypothesis that the enamel roughness would not change after laser irradiation with or without fluoride over the enamel surface, was rejected, since the irradiation without 5% NaF presence did not change the surface roughness of bovine enamel. The bacterial adhesion was also higher on the enamel surface irradiated in presence of 5% NaF varnish.
Dental caries is a chronic disease caused by several factors, including the accumulation of a cariogenic biofilm on the tooth enamel. The bacteria in that biofilm produce acids that reduce pH on the enamel surface. If this biofilm is not removed from the dental tissue, the enamel is demineralized, and in more severe cases, a cavity forms in the hard dental tissue (20) . The biofilm formation and bacterial adhesion is better formed and accumulated on rougher surfaces, because these areas are more difficult to clean by the action of saliva or by tooth brushing. Thus, a smoother surface or with few irregularities is less susceptible to caries lesions (20) .
As described before, high intensity lasers have been used to inhibit enamel demineralization by increasing the surface temperature of the irradiated tissue, which reduces the hydroxyapatite solubility and blocks the interprismatic spaces due to the melting and recrystallization of the surface. Additionally, the use of a fluoride varnish or gel before irradiation may convert enamel hydroxyapatite into fluoridated hydroxyapatite, reducing enamel solubility and allowing the irradiated surface to retain fluoride ions longer than non-irradiated enamel (3, 14) .
The thermal effects are based on the strong absorption of erbium lasers radiation by water and hydroxyapatite from enamel. Higher absorption of laser energy on the enamel surface may lead to changes in the crystallographic structure of enamel and it depends on the applied energy density, which is directly proportional to the increase in temperature generated on the tissue surface (21) . A previous study revealed that irradiation of enamel with Er,Cr:YSGG laser using low energy densities (8.5 J/cm 2 ) were able to produce slight cavities, typical of microablation areas with fissures and conical craters, with sharp enamel projections (12) . However, according to the results obtained in this study, the changes produced by Er,Cr:YSGG (8.92 J/cm 2 ) on enamel were not able to change the surface roughness of this hard tissue. However, the surface irradiated in the presence of fluoride varnish became rougher. The hypothesis is that this result was due to the 5% fluoride varnish composition used in the present study, which has a yellow-brownish color. According to the manufacturer, the varnish is composed by sodium fluoride (5%), ethanol, white bee wax (E901), gum lac (E904), colophane, mastic, saccharine (E954) and raspberry essence. Thus, the hydroxyl groups in the ethanol and other components of the varnish absorbed radiation and facilitated ablation of the irradiated surface, and therefore increased the enamel roughness.
A similar explanation may be used to describe the results obtained when the Nd:YAG laser was used. The Nd:YAG laser emits near-infrared wavelengths (1,064 nm) and, therefore it is not effectively absorbed by dental enamel (absorption coefficient is less than 4×10 -2 cm -1 ) (8) . This explains the fact that this laser did not significantly change the enamel roughness, when compared to the non-irradiated samples. However, Nd:YAG is strongly absorbed by hemoglobin, melanin and dark pigments (8) . In this way, to increase the absorption of the laser beam on the surface of the enamel, use of photoabsorbers before Nd:YAG laser irradiation on dental hard tissues has been reported (8, 9) . In this situation, the heat generated due to laser absorption by the cover material pervades into the adjacent enamel. This method ensures the action of a short laser pulse energy on a small volume of tissue, hindering excessive penetration of the laser beam into deeper dental structures, and consequently, decreasing the risk of damage to the dental pulp (8, 9) .
As described before, the fluoride varnish used here has a yellow-brownish color. Thus, it is believed that the presence of these pigments has increased the absorption of the Nd:YAG laser on the enamel surface, which produced ablation in the irradiated tissue, and significantly increased the surface roughness.
The same explanation for Nd:YAG laser can explain the results obtained with the diode laser. The diode laser used in this study emits photons at a wavelength of 980 nm and, therefore, it is not well absorbed by tooth enamel (22) . For that reason, some authors choose to irradiate enamel with a pigmented varnish over the tissue surface (22,23). As described above, this method enhances the absorption of the laser beam on the tissue surface, changing its chemical and morphological structure, and increasing its acid resistance (10, 11, 22, 23) . Previous studies revealed that diode laser increases fluoride uptake when enamel is irradiated in the presence of a fluoride compound, and they also stated that enamel must be irradiated in the presence of a pigmented coating substance to increase the acid resistance of enamel (10, 11) . According to this, the pigmented 5% NaF varnish used here acted as a photo-absorber for the diode laser photons, generating photothermal effects in enamel and changing the morphology of the enamel and, therefore, its roughness.
The results obtained showed that bacterial adhesion was higher in samples irradiated in the presence of fluoride varnish, regardless of the used laser. This suggests that the increase in enamel surface roughness was responsible of the bacterial adherence increase in G4, G6 and G8. In fact, the statistical analysis showed a high positive correlation between surface roughness and bacterial adhesion. In contrast, the bacterial adhesion on the samples irradiated without NaF varnish was similar to the one found in non-irradiated enamel. Surface roughness is one of the properties of tooth and restorative materials that influence the formation and accumulation of biofilm. On the rough and irregular surfaces the dental biofilm is formed in greater amounts and has quicker maturation when to flat surfaces (24) . Past studies indicated that even a demineralized enamel surface, which presents a higher surface roughness than sound enamel, is able to retain a larger amount of biofilm when compared to the intact enamel (20, 25) .
In accordance to what was described herein and irrespective of the used wavelength, it may be observed that irradiation of the samples after application of 5% sodium fluoride varnish produced an increase in the surface roughness of bovine enamel, which consequently resulted in an increase of S. mutans adhesion over the dental hard tissue.
Under the conditions of the present study, it may be concluded that the surface roughness of enamel is altered when the irradiation of the samples is made in the presence of 5% fluoride varnish. The presence of pigments in the varnish increased the action of lasers on the enamel surface, which promoted ablation in that hard tissue and significantly increased its surface roughness. For this reason, the susceptibility to bacterial adhesion of the enamel was higher when the irradiation of the samples was in the presence of fluoride varnish.
Resumo
O objetivo foi avaliar a rugosidade superficial e adesão bacteriana no esmalte dental irradiado com lasers de alta intensidade, associados ou não a um verniz fluoretado. Oitenta fragmentos de esmalte foram igualmente divididos em 8 grupos (n= 10). O grupo 1 não recebeu tratamento e o grupo 2 recebeu aplicação de verniz fluoretado a 5%. Os outros grupos foram irradiados com os lasers Er,Cr:YSGG (8,92 J/cm 2 ), Nd:YAG (84,9 J/cm 2 ) e um laser de diodo (199,04 J/cm 2 ), associados ou não ao verniz fluoretado. A rugosidade superficial foi medida antes e após os tratamentos. Depois, todas as amostras foram imersas em suspensão de S. mutans a 37 °C durante 24 h. As unidades formadoras de colônia (UFC) foram contadas utilizando uma lupa estereoscópica, e os resultados foram expressos em UFC/mm 2 . Os resultados de rugosidade foram analisados por ANOVA e pelo teste de Tukey, e a adesão bacteriana foi analisada pelo teste de Student (α=5%). As amostras irradiadas sem verniz apresentaram a mesma rugosidade superficial e a mesma adesão bacteriana que as amostras não irradiadas. No entanto, as amostras irradiadas na presença do verniz fluoretado apresentaram maior rugosidade superficial e aderência bacteriana do que as amostras não irradiadas e daquelas irradiadas sem o verniz. A presença de pigmentos no verniz aumentou a ação dos lasers na superfície do esmalte, promovendo a ablação do tecido duro e aumentando significativamente a sua rugosidade superficial. Por isso, a adesão bacteriana no esmalte foi maior quando a irradiação foi realizada na presença do verniz fluoretado.
